Four experiments were conducted to evaluate the precision-fed rooster assay for determining excreta phosphorus retention values for 5 feed ingredients in which roosters were precision-fed the ingredients and excreta were collected quantitatively for 48 h. The first rooster assay determined the effects of increasing P intakes on excreta P retention values for corn. This assay involved feeding either 20 g of corn or 20 g of corn supplemented with increasing amounts of KH 2 PO 4 to provide total P intakes of 51 to 351 mg and non-phytate P intakes of 16 to 316 mg. The excreta P retention value for corn fed alone was 75% but decreased greatly when non-phytate P intakes were 76 mg or higher for the corn diets containing added KH 2 PO 4 . The second precisionfed rooster assay involved feeding increasing amounts of spray dried plasma protein (SDPP) (5 to 20 g) which provided non-phytate P intakes of 61 to 242 mg. Excretion of P increased and excreta P retention values decreased from 94 to 60% as SDPP intake increased from 5 to 20 g. Experiment 3 determined excreta P retention values for solvent extracted dehulled soybean meal (SBM) (24 g intake) and also the effect of increasing intakes of SDPP (5 to 10 g) and meat and bone meal (MBM) (1.5 to 10 g) on their excreta P retention values. The excreta P retention value for SBM was 41%. Excreta P retention values for SDPP again decreased as P intake increased. Excreta P retention values for MBM were low (27 to 35%) at all intakes. In Experiment 4, roosters were tube-fed 8, 16, or 24 g of canola meal and excreta P retention values varied from 23 to 35% among intake levels. The results of this study indicated that excreta P retention values often varied greatly among different levels of ingredient and non-phytate phosphorus intake and suggest that the precision-fed assay may be useful for determining bioavailability of P only if non-phytate P intakes are low. In addition, the assay may not be accurate for ingredients which contain high Ca levels such as MBM.
INTRODUCTION
Precision-fed rooster assays have been used to estimate amino acid digestibility and true metabolizable energy of poultry feed ingredients for decades (Sibbald, 1976; Dorrell, 1978: Parsons et al., 1981; Engster et al., 1985) . However, this assay has not been used to evaluate availability of P in feed ingredients. The precision-fed rooster assay may be an advantageous method to estimate the bioavailability or digestibility of P within feed ingredients because it is more rapid and less expensive than other common methods and it requires only a small amount of feed. A current method that is used frequently among researchers is the prececal digestibility assay in which the data are analyzed using the regression approach (Shastak and Rodehutscord, 2013; Rodehutscord et al., 2017) . Methods that involve measuring responses in bone ash C 2018 Poultry Science Association Inc. Received April 4, 2018. Accepted June 28, 2018. 1 Corresponding author: poultry@illinois.edu or bone P and growth and feed conversion or a combination of these have also been used to evaluate relative bioavailability of P (Sullivan, 1966; Potter et al., 1995; Kim et al., 2012) ; however, it has been proposed that there are many potential confounding factors within these methods (Shastak and Rodehutscord, 2013) . All of the above methods require more time, are more expensive, and require much larger amounts of test feed sample than the precision-fed rooster assay. The objective of the current study was to evaluate the precision-fed rooster assay for determining excreta P retention values for 5 different feed ingredients.
MATERIALS AND METHODS
The protocol for this study was reviewed and approved by the Institutional Animal Care and Use committee.
Ingredients and Nutrient Analysis
A sample of yellow corn, solvent-extracted dehulled soybean meal (SBM), 2 samples of spray dried plasma 4324 protein (SDPP1 and SDPP2), one sample of meat and bone meal (MBM), and one sample of solventextracted canola meal (CM) were obtained from commercial sources. These ingredients were selected to provide a group of ingredients that vary greatly in total P and Ca and also were expected to vary greatly in bioavailability of P. The P and Ca levels in the ingredients and excreta samples from the rooster assays were determined using inductively coupled plasma optical emission spectroscopy (Method 985.01 A, B, and D; AOAC International, 2007) after wet washing (Method 975.03 B[b] ; AOAC International, 2007) . These analyses were conducted at the University of Missouri-Columbia Experiment Station Chemical Laboratory.
Diets and Experimental Design
In Experiment 1, a precision-fed rooster assay was conducted to determine excreta P retention values for diets containing corn or corn supplemented with KH 2 PO 4 . A total of 28 Single Comb White Leghorn roosters were housed in individual cages in an environmentally controlled room. They were fasted for 24 h and then 4 roosters were precision-fed either 20 g of corn, or 20 g of corn supplemented with 0.088, 0.176, 0.264, 0.439, 0.879, or 1.32 g of KH 2 PO 4 . These dietary treatments were selected to provide a wide range of total P intakes (51 to 351 mg) and calculated nonphytate P (NPP) intakes (16 to 316 mg). Thus, the objective of this experiment was to evaluate the effect of P intake on P retention values because it was expected that the P requirement of the roosters is low. Exceeding the dietary P requirement would be expected to yield reduced P retention values because of increased P excretion in the urine (Manangi et al., 2018 . After precision-feeding, excreta were collected quantitatively for 48 h, freezedried, inspected for any traces of debris, ground and sifted, and analyzed for P. Standardized excreta P retention values were calculated using the values for basal endogenous P losses determined from 10 roosters that had been fasted for 48 h.
In Experiment 2, a precision-fed rooster assay was conducted to determine excreta P retention values for SDPP1. A total of 16 Single Comb White Leghorn roosters were housed in individual cages in an environmentally controlled room. The roosters were fasted for 24 h and then 4 roosters were precision-fed either 5, 10, 15, or 20 g of SDPP1. These amounts of SDPP1 yielded NPP intakes of 61 to 242 mg and were selected to evaluate the effect of NPP intake on excreta P retention values. Excreta were collected quantitatively for 48 h post-feeding and processed and analyzed for P as described earlier. Standardized P retention values were again calculated using the values for basal endogenous P loss determined from 15 roosters that had been fasted for 48 h.
In Experiment 3, a precision-fed rooster assay was conducted to determine excreta P retention values for SBM, SDPP2, and MBM and to determine the effects of increasing SDPP2 and MBM intake on excreta P retention values. Single Comb White Leghorn roosters were again housed in individual cages in an environmentally controlled room. After being fasted for 24 h, 4 roosters were precision-fed either 24 g of SBM, 5, 7.5, or 10 g of SDPP2, or 1.5, 3, or 10 g of MBM. Excreta were collected quantitatively for 48 h post-feeding, and processed and analyzed for P as described earlier.
Standardized P retention values were again calculated as described earlier using the basal endogenous P loss determined in Experiment 2.
In Experiment 4, the same general procedures were used as described above to determine standardized excreta retention values for P in CM. After being fasted for 24 h, individually caged roosters were precision-fed either 8, 16, or 24 g of CM (5 roosters per diet) and excreta were collected, processed, and analyzed for P as described earlier. Standardized retention values were calculated as described for Experiments 2 and 3.
Statistical Analysis
Data from the 4 experiments were analyzed using SAS software (SAS Institute. INC., 2010) where the ANOVA procedure was utilized and each individual rooster served as an experimental unit. The least significance difference test was used to assess differences among dietary treatments with significance determined at P < 0.05. In addition, although a linear response in P excretion was obtained with increasing P intake for MBM in Experiment 3 and for CM in Experiment 4, those data were analyzed by linear regression where P excretion (Y) was regressed on total P intake (X) using the GLM procedure of SAS. Excreta P retention was then represented by the value of 1 minus the regression coefficient.
RESULTS AND DISCUSSION

Nutrient Composition
The analyzed Ca and P content of corn, SDPP, SBM, MBM, and CM are presented in Table 1 . The corn was analyzed to contain the same or similar amount of Ca and total P that is reported in the NRC (1994) tables, which are 0.02% Ca and 0.28% total P. The SDPP1 and SDPP2 samples were analyzed to contain 1.21 and 0.98% total P, respectively, which has been reported to be entirely digestible by swine (Almeida and Stein, 2011) . Dehulled SBM had analyzed Ca and total P values consistent with those reported in the NRC (1994), which are 0.27% Ca and 0.62% total P. The MBM contained much higher levels of P and Ca, at 9.93 and 4.89%, respectively, which were slightly lower than the table values reported in the NRC (1994) of 10.30 and 5.10% for Ca and P, respectively. A possible reason for the MBM values in the current study being lower than the NRC (1994) table values is that the MBM used in the current study was a pork-derived MBM and may have contained less bone than the MBM in the NRC (1994) table. The Ca and total P levels in the CM were similar to those in the NRC (1994). Experiment 1 The mean basal P endogenous loss estimated from the 10 roosters fasted during the 48 h excreta collection period was 108 mg per bird. The excreta P retention value for corn alone was 75% (Table 2) which is higher than the available P value of 25% based on dividing the NPP content by the total P using the NRC (1994) table values. The high excreta P retention value of 75% suggests that the roosters were able to digest a large portion of the phytate in the corn, which may have been at least partially due to the very low dietary Ca concentration in the corn. This hypothesis is based on the results of Sommerfeld et al. (2018) who reported that phytate degradation or disappearance at the terminal ileum was high at 56% for a corn-SBM diet when the dietary Ca and P were 0.62 and 0.41%, respectively. In contrast, the 56% phytate disappearance was reduced to only 21% disappearance when dietary Ca and P were increased to 1.03 and 0.69%, respectively. In addition, Perryman et al. (2016) reported that the true excreta P retention for corn in broiler chickens was high (70%) when the dietary Ca level was only 0.13% but then excreta P retention was reduced to 39% when the dietary Ca level was 0.95%. Mutucumarana et al. (2015) also determined a high true ileal P digestibility value of 73% for corn when using a balance assay in broiler chickens. In contrast, relative P bioavailability for corn was only 21 to 40% when based on bone ash in chicks (Douglas et al., 2000) . As inclusion of KH 2 PO 4 increased, total P intake increased from 51 to 351 mg and NPP intake increased from 16 to 316 mg (Table 2 ). There was no significant difference in P excretion as NPP intake increased from 16 to 56 mg; however, it increased significantly between most intakes above 56 mg. Likewise, it was observed that excreta P retention values decreased at NPP intakes of 76 mg or greater. Thus, a large significant decrease in excreta P retention was observed where NPP intakes of 56 mg or lower yielded 60 to 75% excreta P retention whereas NPP intakes of 76 to 316 mg yielded excreta P retention values of 20 to 32%. A possible explanation for this large decrease is that the P requirement of the roosters was exceeded at NPP intakes of 76 mg and above, which led to excess absorbed P being excreted in the urine. Thus, because the urine was collected along with the feces (excreta), retention of P would be expected to decrease if the P requirement of the roosters was exceeded. Indeed, Manangi et al. (2018) recently showed that excess dietary P beyond the requirement and physiological threshold results in increased urinary P excretion and decreased P retention in broiler chickens. In addition, Rodehutscord et al. (2012) reported that excreta P retention values for broiler chickens decreased when dietary P levels increased above the birds' requirement, whereas prececal or ileal P digestibility values were unaffected by dietary P levels. Thus, these results suggested that urinary excretion of P increased at the higher dietary P levels.
Experiment 2 The mean basal endogenous P loss for the 15 roosters that were fasted for 48 h was 118 mg per bird. This value was used to calculate the standardized P retention values for Experiments 2 to 4. The NPP intake, P excretion, and excreta P retention values for the roosters fed 5, 10, 15, or 20 g of SDPP1 are shown in Table 3 . The excretion of P increased with increasing NPP intake. Similarly, excreta P retention values decreased from 94 to 60% as NPP intake increased from 61 to 242 mg, with P retention values at NPP intakes of 182 and 242 mg (15 to 20 g SDDP1) being significantly lower (P < 0.05) than the excreta retention value at 61 mg NPP intake (5 g SDDP1). The P 3 Linear regression analysis of P excretion (Y) regressed on total P intake (X) for the MBM treatments yielded the equation: Y = 121 + .675X, R 2 = 0.88.
in the ingredient, SDPP, was determined to be 100% digestible for swine (Almeida and Stein, 2011) . The high excreta P retention value of 94% for the 5 g of SDPP1 treatment in the current study is in agreement with the swine study. The results of this experiment are in general agreement with Experiment 1 where a decrease in excreta P retention was observed as NPP intake increased. This observation indicates that the P requirement of the roosters was likely exceeded at SDPP1 intakes of 15 g or greater and that excess P was likely excreted in the urine (Manangi et al., 2018) . The results of this experiment also suggest that the critical threshold for NPP intake for SDPP may be higher than that observed for corn + KH 2 PO 4 in Experiment 1. The P excretion increased greatly and excreta P retention decreased greatly at NPP intakes of 76 mg or greater in Experiment 1. In contrast, this effect occurred at NPP intakes of greater than 121 mg for SDPP1. Perhaps the P in KH 2 PO 4 , being inorganic KH 2 PO 4 and highly bioavailable, resulted in more rapid P absorption than for the P in SDPP1. Consequently, increased P excretion in the urine may have occurred at a lower NPP intake for corn + KH 2 PO 4 than for SDPP1. Experiment 3 The Ca intake, NPP intake, P excretion, and excreta P retention values for the roosters precision-fed either 24 g of SBM, 5, 7.5, or 10 g of SDPP2, or 1.5, 3, or 10 g of MBM are shown in Table 4 . The excreta P retention value for SBM was 41%. As observed in Experiment 2 for SDPP1, P retention values decreased as SDPP2 intakes increased. Excreta P retention for SDPP2 decreased from 79 to 36% as NPP intake increased from 49 to 74 mg. The reductions in excreta P retention as NPP intake increased for SDPP2 were somewhat greater than those observed for SDPP1 in Experiment 2. However, results for SDPP2 are in general agreement with Experiment 1 where excreta P retention for corn + KH2PO2 decreased from 60 to 32% when NPP intake increased from 56 to 76 mg. These overall results suggest that the critical upper NPP intake level may be between 50 and 76 mg for the precision-fed rooster assay. Phosphorus intakes above the latter may exceed the P requirement of the roosters, possibly resulting in increased P excretion in the urine and reduced excreta P retention values. For MBM, as MBM and NPP intake increased, P excretion increased greatly as well. However, the excreta P retention values were low at all intakes and did not differ significantly among dietary MBM and P intakes. Linear regression analysis of P excretion regressed on P intake for the MBM treatments yielded the equation: Y = 121 + .675X, (Table 4 , footnote 3). These results indicated that the excreta P retention for MBM was estimated to be 32.5%.
When comparing the results for the current study with those of previous studies for SBM, SDPP, and MBM, some results are in agreement and some are not. For SBM, the rooster assay yielded excreta P retention value of 41%. This value seems reasonable and is in general agreement with the NRC (1994), where the total P of SBM is listed at 0.62% and the NPP is 0.22%. Dividing the NPP by the total P value yields an estimate of 35% availability. Likewise, in the NRC (2012), the total P of SBM is listed as 0.71% and the phytate P is 0.38%. Thus, dividing the NPP by the total P yields an availability estimate of 46%. These values are also in general agreement with the relative bioavailability value of 34% reported by Karr-Lilienthal et al. (2005) for SBM extracted for 45 min. The latter value was based on bone ash. In a more recent study conducted by Hanna et al. (2018) , relative bioavailability values of P in SBM were reported to be 34 to 45%, also based on bone ash.
In contrast, the above values of 34 to 45% are generally lower than ileal P digestibility and excreta P retention values reported for SBM in several balance studies. For example, Nwokolo et al. (1976) reported an excreta P retention value of 89% for SBM. Liu et al. (2012) reported that the standardized P retention values of a SBM diet in 2 separate experiments were 50.5 and 52.9%. The true ileal P digestibility value of SBM was reported to be 80% by Mutucumarana et al. (2014) . Slightly later, Mutucumarana et al. (2015) reported true ileal P digestibility values to be 74 and 52% for SBM using 2 different methods. In a digestibility ring test (Rodehutscord et al., 2017) with 17 collaborating stations, the apparent prececal digestibility of P in 3 SBM diets was 67, 61, and 55% (mean = 61%), whereas prececal P digestibility estimated from regression analysis was only 31%. In a study conducted using the regression method to estimate true P digestibility, Dilger and Adeola (2006) concluded that the regression approach is an appropriate method to estimate endogenous P loss in broilers and that true prececal P digestibility in conventional SBM was 94% and true excreta P retention in conventional SBM was 60%. In a more recent study, Liu et al. (2013) found that the true prececal digestibility of P in SBM was 71, 46, and 51% when the Ca: P ratio was increased from 0.8, 1.6, and 2.0, respectively, using the regression method. Thus, in summary, it seems that balance assays have often yielded higher estimates of P availability than the earlier assays based on bone ash and the precision-fed rooster assay used herein.
For SDPP, the results of the current study indicated that, based on excreta P retention values at a low SDPP intake, the availability of the P was high (79 to 98%). As mentioned earlier, these results are in general agreement with those of Almeida and Stein (2011) who reported that P in SDPP was 100% digestible. Thus, the P in SDPP is highly available for both poultry and swine.
For MBM, the rooster assay used herein yielded low excreta P retention values (27 to 32%). These values are much lower than expected because the P in MBM and other animal meals is generally assumed to be highly available and well utilized (NRC, 1994) . Previous studies determining relative bioavailability values for P in animal meals such as MBM and fish meal (based primarily on bone ash measurements) concluded that the P in these animal meals was 100% available (Spandorf and Leong, 1965; Waldroup et al., 1965; Sell and Jeffrey, 1996) . In contrast, a more recent study using a balance method to determine ileal P digestibility values for 3 MBM sources yielded much lower estimates for P availability (Mutucumarana et al., 2015) . In that study, true ileal digestibility of P in the 3 MBM was 69, 61, and 42%. As mentioned above, the excreta P retention values determined herein using a rooster balance assay were also low. The reason why the balance type studies are yielding low estimates of P availability for MBM is unknown. The very low excreta P retention values obtained with the rooster assay may possibly be at least partially due to the high Ca level in MBM and suggests that the rooster assay may not be suitable for determining P bioavailability in animal meals that contain a high Ca level. Another possible factor that may have contributed to the low excreta P retention values in the rooster assay is the high NPP content of the MBM. The NPP intake of the MBM at the 3 and 10 g intakes was 298 and 993 mg, respectively, which are much higher than the 76 mg of NPP intake shown in Experiment 1 to have resulted in a large increase in P excretion and a large decrease in excreta P retention values.
Experiment 4 The excreta P retention values for roosters precision-fed 8, 16, or 24 g CM are presented in Table 5 . There was a significant difference among treatments, with the P retention value of 44% for roosters fed 8 g CM being lower than the 33% value for roosters fed 24 g CM. The mean value of 38% P retention for all 3 CM intakes is slightly higher than the P availability value of 26% that can be calculated for CM from the NRC (1994) by dividing the non-phytate P by the total P. The latter value of 26% is similar to the 28% excreta P retention value estimated by linear regression of P excretion regressed on total P intake (Table 5, footnote 2). The excreta P retention values for CM determined herein using the precision-fed rooster assay are somewhat lower than that reported by Mutucumarana et al. (2014), who reported a mean P retention value to be 49% for CM in broiler chickens. Similar to the current study, Mutucumarana et al. (2014) reported that P retention values for CM decreased with increased CM intake and inclusion in the diet. As discussed earlier, a possible explanation for the reduced P retention value at the highest CM intake in the current study is that the P requirement of the roosters was approached or slightly exceeded, which could have led to increased P being excreted in the urine. However, a highly linear response in P excretion relative to total P intake was obtained in the current study (R 2 = .94), suggesting that any effect of excess P being excreted in the urine was probably not large, if occurring at all. Other studies using balance assays have reported ileal P digestibility values or excreta P retention values for CM to be in the range of 37 to 43% (Leske and Coon, 1999; Rutherford et al., 2002; Combemorel et al., 2015) . Thus, the mean excreta P retention value of 38% for roosters precisionfed CM in the current study is not greatly different than previous reported values from balance experiments.
In summary, it seems that the precision-fed rooster assay may be able to provide estimates of P availability in plant feed ingredients if the NPP or available P intake is low, such as between 50 and 70 mg. If the NPP intake exceeds those levels, excreta P retention values will likely be underestimated, probably because of excess P being excreted in the urine. The need to maintain a low NPP intake of 50 to 70 mg is a challenge because those P intakes are much lower than the endogenous P excretion. As indicated earlier, the endogenous P excretion of fasted roosters (mean body weight approximately 2,300 g) was 108 and 118 mg during the 48-h excreta collection period in the current study. These values are not greatly different than the values of 121 and 102 mg estimated by the intercepts in the regression equations for MBM in Experiment 3 and CM in Experiment 4. Ideally, in a nutrient digestibility or retention assay, it is desirable that the endogenous excretion of the test nutrient be small compared to the intake level of the nutrient. Otherwise, any variation or error in measuring or estimating endogenous P excretion may have a profound effect on the excreta retention values. Consequently, the need to have a low NPP or low bioavailable P intake and the high endogenous P excretion relative to P intake indicates that the precision-fed rooster assay may not be highly useful or practical for routine evaluation of P availability in feed ingredients for poultry.
